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INTRODUCTION 
Due to the increasing number of aging aircraft, the inspection and assessment of corrosion and 
fatigue damage on airframe structures is of major concern [I]. Among the different types of 
corrosion damage, pitting corrosion is an important factor in triggering widespread fatigue crack 
initiation and reduced fatigue life. Therefore, the ability to predict surface crack origination from 
pitting corrosion is necessary for timely maintenance of aging aircraft. 
The effect of pitting on the fatigue behavior of a material is not yet well understood. Nakajima 
and Tokaji [2] found that a crack emanates from a pit during simultaneous corrosion fatigue only 
when the pit grows to such a level that the stress-intensity factor reaches a certain threshold value. 
Chen et al. [3] investigated interactive effects of corrosion and fatigue. To account for the pit effect 
on crack nucleation and growth they proposed a surface crack model with a circular hole stress 
concentrator. It is shown in our experiments and in [3] that in corroded samples with multiple pits 
cracks are usually initiated from the deepest pits assuming homogeneous stress distribution in an 
unpitted sample. Thus it is important to understand the effect of a single pit on fatigue life. 
In this paper we present a quantitative microradiographic method for the detection of critical 
corrosion pitting associated with fatigue crack initiation. To achieve this we aim to optimize the 
measuring concept, and to develop radiographic metrics of corrosion damage. The important part 
of this study is accurate determination of pit depth as a critical parameter in determ ining the fatigue 
life. Microradiography is also applied for the detection of fine cracks in samples with artificial pits 
at different stages offatigue life. 
A fracture mechanics model for fatigue crack growth is also developed, and its results are 
compared with the experiments. The proposed empirical equation is examined using data for 
different fatigue conditions. 
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EXPERIMENTAL SETUP 
The schematic of the developed microradiographic experimental setup for microradiography of 
corroded samples is shown in Fig. I. A Feinfocus 225kV X-ray unit with 5 )lm (0.0002 in.) focal 
size is used as an X-ray source. A precise positioning system with three linear (with two micron 
resolution) and one rotating (with 0.0 I 0 resolution) computer controlled axes is used to control the 
position of the sample. One high-resolution linear axis is used for translation of the image 
intensifier. An image intensifier integrated with a CCD camera is used for real-time radiography 
and for alignment of the sample prior to film microradiography. 
Kodak AA, a fast and high contrast film, was used to reduce the exposure time. A Data 
Translation frame grabber (DT3155) was used for digitization of x-ray films and transfer to a PC 
computer. The sharp images obtained during the microradiography enable further magnification by 
the film digitization camera. The magnification of the image is defined as dildo (Fig. I). In 
addition, by keeping the object far from the recording medium the effect of radiation scattering is 
reduced with increase in image quality. As the projection magnification increases the field of view 
(FOV) decreases; therefore more images are necessary to scan the entire area of the object. The 
contrast sensitivity was measured by puttingl6)lm (0.0006 in.) thick aluminum foil on a 0.787mm 
(0.03 in.) thick aluminum sample. For film radiography the contrast sensitivity was better than 2%. 
In order to calibrate microradiographic measurements of the corrosion pit depths, we prepared 
samples with artificial pits produced by spark erosion as shown in Fig. 2. The samples have pits 
with 200)lm (0.008 in.) diameters and depths ranging from 50 to 250 )lm (0.002 to 0.01 in). The 
same samples were used for further fatigue experiments. To compare microradiography and 
conventional radiography images were obtained for the same sample with both techniques. A tube 
with O.4mm (0.016 in.) focal size was used for conventional radiography. Fig. 3(a) shows the 
results indicating that geometric unsharpness completely destroys the image in conventional 
radiography if one uses projection magnification. 
Projection magnification is the key to sharp radiographic imaging of the fine details in the 
object [4]. As an example Fig. 4 shows a microradiograph of a corroded sample with 25X-
projection magnification. Figure 4(b) shows the initiation of very fine cracks in the vicinity of a pit. 
RADIOGRAPHIC DEPTH MEASUREMENT OF CORROSION PITTING 
The calibration curves for pit depth measurements were produced using samples with artificial 
pits and film microfocal radiography with projection magnifications of 10 and 40 times. The 
radiographs were digitized using a TV camera and a PC frame grabber for further analysis. As an 
example Fig. 5 shows the digitized images with 40X projection magnification. The images obtained 
from the pits with known depths are used to set a reference curve for finding the unknown depth of 
pitting in the aluminum specimens. Two methods are used for this purpose, the densitometer and 
histogram methods. 
PIT DEPTH MEASUREMENT BY DENSITOMETRY OF RADIOGRAPHS 
This method is based on finding the difference between the direct reading of the optical density 
on the image of the hole and the optical density of the adjacent area of the base metal with a 
densitometer. The magnified images provided by the projection magnification technique enable 
us to use direct densitometer reading on the pit images. This is possible when the magnification is 
such that the pit image size is larger than the optical beam size of the densitometer. Figure 6 shows 
the variation of the difference in the optical densities versus the pit depths. As an example the 
pitting depths are determined in the radiographic image shown in Fig. 7 which are measured by the 
calibration curve from Fig. 6. Pittings smaller than 10 )lm size are detectable in this image. 
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Figure 1. Schematic of the microradiographic system. 
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Figure 2. Schematic of an aluminum sample with artificial pit (all dimensions in rnrn). 
Figure 3. Comparison of conventional readiography with microradiography, the projection magnification is 
equal to 10. (a) Radiographi taken with 0.4 rnrn focal size X-ray source. (b) Radiograph of the same sample 
with microfocal X-ray source. 
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Figure 4. Microradiograph of the 
corroded sample with 25X 
projection magnification. The bright 
strip on the image is the 0.1 mm wire 
to scale the image. (a) No optical 
magnification. (b) 4X optical 
magnification at the selected area. 
Figure 5. Digitized radiographs ofthe artificial 
pits in 1.6 mm thick 2024T3 AI samples with 
40X projection magnification and 1.5X 
Optical magnification. The darker areas are 
the pits; the bright spots are impurities trapped 
during pit preparation by spark erosion. 
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Figure 6. Variation of optical density versus pit depth. 
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Figure 7. microradiography ofO.S mm AI sample with different projection magnifications and with 4.5x 
optical magnification. Signs indicate the calculated depth of the corrosion area. 
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Figure 8. Shift in mean value of histogram of images of pit and base. 
Pitting Depth Measurement Using Gray Level Histogram of the Digitized Images 
The second method is based on finding the mean values of the gray level distribution 
(histograms) of the digitized images in the pit area and comparing it to the histogram of the 
adjoining base metal area of the radiograph. As an example Fig. 8 shows the shift in the histogram 
mean of the image of the SOllm (0.002 in.) depth pit from the mean value of the image in the base 
metal area. Fig. 9 shows the relation between the shifts in the mean value histogram for different 
pit depths. 
MICRORADIOGRAPHIC DETECTABILITY OF FATIGUE CRACK 
Microradiography of Fatigue Crack under No Load 
At the very beginning stage the initiated surface crack does not produce any contrasfsensitivity 
to form a detectable image, although it can be seen by careful optical microscopy with at least SOX 
magnification. In crack detection by radiography the angle between the X-ray direction and the 
crack plane is a vital factor. Similarly, it is well known the ultrasonic waves can pass easily 
through the closed tip of the fatigue crack without producing any detectable reflection signal. 
Figure 10 shows a microradiograph of an artificial pit after 140,000 cycles fatigue test with no 
indication of crack. Detection of tight fatigue cracks can be achieved only after later stages of the 
fatigue life of the samples as shown in Fig. 10(c) after ISO,OOO cycles . 
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Figure 9. Shift in the histogram of the digitized image of the holes compared to the base metal. 
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Figure 10. (a) Microradiograph with 20X projection magnification, SX optical magnification of an 
artificial pit in aluminum fatigue sample after 140,000 cycles. (b) Profile ofthe artificial pit of the 
sample. (c) Microradiograph of the same sample after 150,000 cycles shows propagation of a 
fatigue crack. 
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Microradiography of Fatigue Crack in AI Samples under Load 
Figure II. Microphotographs of 
an aluminum dogbone sample 
after 60,000 cycles fatigue test. 
The projection magnification is 
20X, optical magnification is 
SX. (a) Sample without applied 
load. (b) Under 3S0lb load. 
The realistic case for inspecting a fatigue crack is when the sample is under its designed load; or 
for high temperature applications the sample should be tested its high temperature condition. In 
these cases the crack initiation and propagation occurs realistically and the detectability of the 
crack by radiography also increases. 
A stress fixture is used to apply controlled load on the sample during microradiography. The 
elongation of the stress fixture is calibrated based on the applied force. The necessary load to open 
the crack is calculated from the ultrasonic amplitude-load curve for different specific fatigue 
cycles. The fixture with the sample inside is positioned in front of the microfocus tube for different 
projection magnifications. Figure II shows the microradiographs of a dogbone sample with an 
artificial pit after 60,000 cycles while applying different loads along the longer axis of the sample. 
No indication of the initiated crack can be seen on the radiograph without applying enough load 
Fig. II(a), although there was a strong ultrasonic indication during fatigue test at this stage. After 
loading 150-lb tensile force the initiated cracks are opened and started to show on the micro-
radiograph on both sides of the artificial pit, Fig. II(b). Starting with 350 Ib load the crack image is 
clearer and shows crack propagation along the lower part of the pit indicating crack branching. 
FATIGUE LIFE ANAL YSIS 
In this section we develop a fracture mechanical model to predict the residual fatigue life of the 
samples with different pit and crack depth which may be measured by using the microradiography 
demonstrated in the preceding section. 
Analysis offractographic images reveals that fatigue cracks initiate at the edges of the pit to 
form two comer cracks. These cracks grow on both sides of the pit, with the shape of quarter 
circles, until their depth reaches that ofthe pit as shown in Fig. 12(a). As these cracks grow further 
beyond the root of the pit, they combine into a single semi-elliptical crack whose initial aspect ratio 
(aI2e) is dependent on the ratio of depth to diameter ofthe pit. The period to this time we define as 
the first stage of fatigue life and the remaining period to the failure of the sample as the second 
stage (Fig. 13(a». Therefore, the entire fatigue life can be divided into two different main stages 
with cracks in different geometries. Accordingly, the stress-intensity factors for a crack growing 
from a pit will be approximated with different models for each stage. 
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Figure 12. Fracture mechanics models for the first stage offatigue life. 
Once the stress-intensity factor for the crack has been known, the crack growth can be predicted 
by the well-known Paris power law, 
(I) 
where a is the crack length, N is the number of cycles, M is the range of stress-intensity factor, and 
C and m are the material constants for the crack growth rate. 
THE FIRST STAGE 
Corner Crack Model 
The crack growth during the first stage can be modeled as the corner crack growth as shown in 
Fig. 12(b). Note that the thickness of the plate is assumed to be equal to the pit depth as shown in 
Fig. 12(b). For a tensile load, the stress-intensity factor range of the corner crack is represented as 
[5] 
(2) 
where F.o is a boundary correction factor, Q is the shape factor for the circular hole [5], I. is 
standard correction factor for finite width[6], and I, is a correction factor for crack c1osure[7]. 
Equivalent Through-thickness Crack Model 
The corner crack model described above requires the detailed geometric parameters of the pit 
and growing cracks. Since crack growth is significantly affected by the stress concentrator (pit), 
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Figure 13 . Fracture mechanics model for the second stage of fatigue life. 
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one can neglect the actual shape of the crack and consider a simpler model for the crack growth in 
the first stage. We propose an equivalent model which is a through-thickness crack emanating from 
the through-thickness hole in a plate having thickness equal to the pit depth in the plate (Fig.12(d». 
The final length of the effective crack is determined as an equivalent through-thickness crack with 
depth equal to that of the quarter-circular crack at half the pit depth: a; = 0.866d . The stress-
intensity factor range for this geometry has been analyzed by Newman [8] and expressed as 
IlK, = u';;;;; F, (~) IJe , (3) 
R+a 
where F, denotes the boundary correction factor [9]. 
THE SECOND STAGE 
In the second stage, the crack with pit is approximated by a semi-elliptical crack on the surface 
without pit as shown in Fig. 2. The stress-intensity factor for this crack can be expressed as [10]: 
G (a a c ) 
1lK2 = U V Jr"QF, h'-;'b'rp Ie' (4) 
where b is the plate width, F, is the boundary correction factor and i is the correction factor for 
crack closure as given in Eq. (2). 
COMPARISON OF MODEL PPREDICTION WITH EXPERIMENT 
Based on the stress-intensity factors obtained in the previous sections, the total fatigue life can 
be predicted as the sum of that in each stage as follows: 
N = "J da + 7 da (5) 
"~c [1lK,(a)r d C [1lK2(a)r 
The fatigue parameters of Al 2024-T3 alloy for long and short crack regimes were taken from [II]. 
The lower limit a'h in the integration for the first stage is the threshold crack length with the stress-
intensity factor range, M,h (a'h) = 1.0 MPa ..r,;; for the Al 2024-T3 [II]. The number of cycles for 
the second stage was calculated by using the second integral in Eq. (5) with upper limit determined 
from the fractograph for each sample. 
The experimental and calculated fatigue lives for samples with different pit depths are shown in 
Fig. 14 and listed in Table I where the calculated number of cycles for each stage of the fatigue life 
is also given. It should be noted that the number of cycles of the first stage predicted by the 
simplified model agrees well with that by the corner crack model up to normalized pit depth 
d/h=O.1. The deviation of the model predictions from the experimental ones for shallow pits can be 
attributed to the approximate replacement in the model of the inhomogeneous stress distribution of 
a finite depth pit by the homogeneous stress distribution of a through-thickness hole of equal depth, 
and to the initiation time taken to initiate a crack at a low stress concentrator. This life includes the 
period required to nucleate a microcrack and for the microcrack to grow over the small crack 
threshold length a'h. 
An empirical equation for the fatigue life of a sample with an arbitrary pit depth based on an 
experimental fatigue life of the reference standard sample geometry is proposed based on the 
experimental and computational results. The fit of experimental data shown in Fig. 15 
N = Nth(d / hr3/4 , (6) 
shows reasonable results. Here N,h is the fatigue life of the sample with through-thickness hole, 
which is selected as an experimentally determined normalization parameter for the fatigue life of 
the sample with arbitrary pit depth. Such a representation factorizes for the fatigue life problem by 
accounting for one normalization parameter depending on material fatigue properties, and the 
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Table I. Predicted and experimental fatigue life. 
Size (~m) Model Prediction Experiment 
DId It 1s 'stage* 1st stage** 2nd stage Totallife* Totallife** Total life 
30/230/1550 
- 0.9x104 4.9x105 - 5.0x105 7.4x105 
75/240/1560 - 2.3x104 4.2x105 - 4.6x105 5.2x105 
170/240/1540 0.6x104 3.9x104 3.1x105 3.2x105 3.5x105 3.4x105 
375/250/1560 3.4x104 5.1x104 1.9x105 2.2x105 2.4x105 2.2x105 
570/245/1565 4.9x104 5.6x104 1.1x105 1.6x105 1.6x105 1.4x105 
765/250/1550 6.0x104 5.9x104 4.5x104 1.1x105 1.0x104 1.1x105 
960/230/1565 6.5x104 6.2x104 1.5x104 8.0x104 7.7x104 7.3x104 
1550/200/1550 7.2x104 6.7x104 - 7.2x104 6.7x104 6.2x104 
1.0 
* Corner crack model as I st stage model, ** Through-thickness crack model as 2nd stage model 
dependence on pit depth by one geometrical parameter (d/h). In Fig. 15 the normalized fatigue life 
cycles versus the normalized pit depth is shown for different materials at different fatigue 
conditions. As we can see the dependence offatigue life on the pit depth is fitted well by the 
proposed equation for data under different fatigue conditions. Therefore, the fatigue life of a 
sample with arbitrary pit depth can be predicted once the fatigue life of the sample with through-
thickness hole has been obtained experimentally. 
CONCLUSON 
The applicability of microradiography for the detection of pit and fatigue cracks in 2024-T3 
aluminum alloys is demonstrated. A fracture mechanics model for fatigue cracks initiating and 
propagating from a single corrosion pit has been developed. The model is validated by fatigue 
experiments on samples with a single artificial corrosion pit of different depths. Good agreement 
between theory and experiment is observed in A12024-TJ alloy. The applicability of the proposed 
empirical relation is demonstrated by comparing with experiments and computations for several 
different types of material and various fatigue conditions 
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